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Annexin V labeled with #mTc is evaluated as a potential in vivo
marker for tissue with increased apoptosis. Promising results in
patients have been obtained with %mTc-(n-1-imino-4-mercaptobu-
tyl)-annexin V (®mTc-i-AnxV). Because information on biodistribu-
tion and radiation burden is desired for the application of any
radiopharmaceutical, a dosimetric study of %mTc-i-AnxV was un-
dertaken. Methods: Eight persons with normal kidney and liver
functions were included in this study: six patients with myocardial
infarction, one with Crohn’s disease, and one healthy volunteer.
Approximately 600 MBq %*mTc-i-AnxV were injected intravenously
immediately before a dynamic study with a dual-head gamma
camera in conjugate view mode. In the next 24 h, two to four
whole-body scans were acquired. Patient thickness was deter-
mined from a transmission scan with a 5’Co flood source. Organ
uptake was estimated after correction for background, attenua-
tion, and scatter, using a depth-independent buildup factor and an
organ-size-dependent attenuation correction. Residence times
were calculated from the dynamic and whole-body studies and
used as input for the MIRDOSE 3.1 program to obtain organ-
absorbed doses and effective dose. Results: Activity strongly
accumulated in the kidneys (21% = 6% of the injected dose at 4 h
postinjection) and the liver (12.8% = 2.2%). Uptake in the target
tissues (myocardium or colon) was limited and negligible from a
dosimetric point of view. The biologic half-life of activity registered
over the total body was 62 + 13 h. Of the excreted activity, ~75%
went to the urine and 25% to the feces. The absorbed dose for the
more strongly exposed organs was (in wGy/MBaq): kidneys, 93 *+
24; spleen, 22 * 6; liver, 17 + 2; testes, 15 = 3; thyroid, 10 * 6;
urinary bladder wall, 7.5 £ 2.6; and red bone marrow, 5.5 + 0.8.
The effective dose was 9.7 = 1.0 uSv/MBq, corresponding to a
total effective dose of 5.8 = 0.6 mSv for a nominally injected
activity of 600 MBg. Conclusion: **mTc-i-AnxV strongly accumu-
lates in the kidneys and to a lesser degree in the liver. The asso-
ciated effective dose per MBq is in the midrange of values found
for routine %mTc-labeled compounds. From a dosimetric point of
view ®mTc-i-AnxV is therefore well suited for the study of apoptosis
in patients.
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Apoptosis is a genetically controlled process of cell
suicide, which, on one hand, serves the homeostasis of the
human organism, but, on the other hand, appears also to be
involved in several pathologies, including the loss of heart
muscle after cardiac ischemia and reperfusion, autoimmune
and neurodegenerative diseases, tumor growth, and antitu-
mor therapies (1).

Fadok et al. (2) showed that, early during apoptosis, cells
expose phosphatidylserine (PS) at their surfaces. This is in
contrast to living cells, which stringently keep PS localized
in the membrane leaflets that face the cyto8)! Annexin
V is a protein that binds selectively to P&)(As a result of
this property, annexin V binds to apoptotic cells in vitE) (
and in vivo (6). In vitro (7) as well as in vivo studie8)(
have indicated that PS exposure during apoptosis is inde-
pendent of the cell type and the apoptosis-inducing trigger.

Our understanding of the role of apoptosis in human
pathogenesis and treatment of pathologies arises mostly
from the investigation of biopsied materials. To gain a better
understanding, we need alternative strategies that allow the
measurement of apoptosis in situ by noninvasive tech-
niqgues. One such technique is radionuclide imaging.
Blankenberg et al. (9,10) showed the feasibility of using
99T c-hydrazinonicotinamide (HYNIC)-annexin V for nen
invasive measurement of apoptosis in several animal mod-
els. Recently our group successfully appli€d™c-
(n-1-imino-4-mercaptobutyl)-annexin \?9(Tc-i-AnxV) to
monitor scintigraphically cell death in the hearts of patients
who received reperfusion therapy for acute myocardial in-
farction (11).

The applicability of the annexin V-PS concept to mea-
sure apoptosis in humans scintigraphically depends,
among other things, on the biodistribution of the radio-
pharmaceutical and the associated radiation burden to the
patient. It was therefore decided to complement our study
of potential clinical applications d®™Tc-i-AnxV with an
assessment of patient radiation dose. The results of this
latter analysis, including some biodistribution data, are
presented.
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MATERIALS AND METHODS correction was applied when patient thickness differed between
grgan and background position.

This dosimetric study involved eight persons (six male, two o . .
y gnt p ( fAbsqutegg"‘Tc organ activity was estimated by correcting mea

female). The average age was 53 y (range, 34-66 y). Of the elgnred counts for attenuation and scatter according to a method

patients, six had myocardial |nfarct|on,_one had. C_rohns d'seaslr?liroduced by Siegel et al. (14). This method uses a depth-inde-
and one was a healthy volunteer. Selection criteria included norma . . Lo . :
Fndent buildup factor in combination with an attenuation factor

liver and kidney functions. The study was approved by the loc . . . .
. . . . . at is dependent on organ size. (For a review of methods in
medical ethics committee, and all patients gave informed consent. > . . ; TR
. . . quantitative radiopharmaceutical biodistribution measurements,

The radiopharmaceutical was prepared by addiigd00 MBq o .

99 . L see referencé5). System sensitivity was determined from a mea-
"Tc-pertechnetate to 1 mg freeze-dried (n-1-imino-4-merecapto g ; o -
.surement of a petri disk with a known amount of activity, using the

butyl)-annexin V (Mallinckrodt, Petten, The Netherlands). This . ) . )
sa]me camera settings and scan protocol as in the patient studies.

mlx_ture was incubated for 2 h at room temperature. Rad'OChem'cIaotal body uptake was calculated using the “no patient excretion”
purity was assessed by column chromatography using a Sephag f)(roach. This means that the first whole-body scan was per-

- i 0 i -
PD10-column (Pharmacia, Upsalla, Sweden) and 1% bovine all? rmed before the patient was allowed to void any activity. Divi-

min (Slgn_1a, St Lows_, MO) in s_allne as eluant. sion of the injected dose by the decay-corrected counts of the first
A”. patients were imaged with a .dual-head gamma Camtisgtal body scan yielded a “counts-to-fraction-of-injected-dose con-
(Mu_ltlspect .2; _Slemens (_Bammqsonlcs, Hoffman EState_S’ l ersion factor.” Multiplication of subsequently obtained total body
equipped with high-resolution collimators. A 15% energy WInOIOVéfounts with this factor gave an estimate of the total activity
ground the ph_oto_peak CﬂngC_ was used. At the moment of remaining in the body, expressed as a fraction of the injected dose.
Intravenous |nj_e_ct|on of"Tc-i-AnxV, a dyn_amlc study was Organ uptake was calculated as the activity in the organ, corrected
started, comprising 30-60 frame:? of 1 min each.. The I,OW%r physical decay, and was presented as a percentage of the
thorax—upper abdomen of the patient was imaged in Conlug"iﬁ?ected dose (%ID).
anterior and posterior_views._Subsequently, two to four vyhole- To quantify excretion, all whole-body studies were inspected
body scans were obtained, with a scan speed of 10 cm/min. T o tivity in the colon. From the progress of activity in the colon,
duration of the dynamic study and the number of whole-body\as judged unlikely that relevant amounts of activity had been
scans depended on patient condition and the moment during fi&yeted in the feces within the first day. Consequently, activity
day the patient was presented at the department. Patients wereRof haq left the body within the first 20 h must have been voided
allowed to void before the first whole-body scan. The last wholgs the yrine. Calling the fraction of the injected dose present in the
body study was acquired after 20—24 h?®Tc source of known 5\ at 20 h after injectiofcoon 20n and the fraction that had left
activity was scanned together with the patient to monitor cofre body Furne20n the ratio Feoion 20d(Feoon20n + Furine20) Was

stancy of system sensitivity. _ ] _ taken as the fraction of the activity to be excreted through the
Blood samples were taken during the first 4 h to monitor thgiestinal trajectory.

concentration of°Tc in the circulatory system. The data were Organ residence time was obtained by integrating the organ
analyzed with a multicompartment model using least-squargstivity curve that was normalized with the injected dose but
weighted nonlinear regression analysis (MW/Pharm 3.30; Medjjithout correction for physical decay. In this calculation, subse-
ware, Groningen, The Netherlands). Urine was collected duri@gjenﬂy measured points were used pairwise, that is, points 1 and
the first hours while the patient was in the department. No feces and 3, etc., to derive analytic expressions for curve segments
were collected. connecting these points, whereby the first function was extrapo-
A transmission scan of all patients was performed witiG0 |ated to time zero and the last to infinity. The fitted function was
flood source at a time when the resid@&ITc activity in the an exponential, because it was expected that the data, at least
patient had become fully negligible, or, as was the case in twgcally, could be approximated with this expression. This locally
studies, transmission was measured before injectiof@fc-i-  defined exponential was integrated analytically over the corre-
AnxV. The measured transmission was used to estimate patiggbnding time interval, and the residence time was obtained by
thickness, using an attenuation coefficient of 0.125%ra value symmation over all intervals.
found from transmission measurements on water phantoms offor organs that were visible in the dynamic study, that is, the
various thicknesses. kidneys, liver, and spleen, the contribution to the residence time in
Regions of interest were drawn around all organs that showgfé time interval corresponding to this study (i.e., from time zero
noticeable uptake of"Tc, around the bladder, and around theo 30—60 min after injection) was substituted for the extrapolated
calibration source. A background region was defined for eagBsidence time for this interval, which was derived from the whole-
organ. These same regions were duplicated in all other imagbsdy studies. This is probably somewhat more accurate in case of
either by copying or mirroring as required. Subsequently, imagasielayed wash-in or a fast washout. Bladder activity was excluded
and individual regions could be moved to achieve a proper fit of alecause, in the absorbed dose calculations, the dynamic bladder
regions around the corresponding organs in all images. model was used (16). The residence time of the total body was
Background correction was performed as described by Buijs @lculated by integrating the normalized total-body activity, cor-
al. (12). In this method background counts are corrected for finitected for activity in the bladder and the activity of the calibration
organ thickness before subtraction from the organ counts. Téeurce. The residence time of the remainder of the body was then
organ thickness was approximated by the ratio of organ voluretained by subtracting the residence time of all explicitly consid-
and the organ projection area as defined by the region that rexéd source organs except the bladder.
been drawn. In this calculation, organ volume was taken as in theThe dose to red bone marrow (RM) was calculated according to
MIRD methodology (13). Patient thickness was derived from the method described by Buijs et al. (17), who defined regions
average transmission within the organ region in ¥@o scan. A around the iliac crests that were estimated to contain 25% of the
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RM present in the pelvic bones, which contaii7.5% of the total
RM (18). The residence time of the activity in the iliac crests wg
thus multiplied with a factor of (0.2% 0.175) ' = 23 to get the
RM residence time. The residence time for blood was derived frg
a curve over the heart that had been normalized using blo
samples taken in the first half-hour.

In the analysis, the region around the liver was drawn wit
exclusion of the part overlapping the right kidney. The right
kidney region covered the whole kidney, including the overlappi
part of the liver. To correct at least partially for the errors made
this way, the residence time of the left kidney was subtracted frg
that of the right, and a positive difference, if any, was added to t
residence time of the liver. This approach assumed that the uptj
in the right kidney equals that in the left kidney, unless it is evide
that this was not the case. In line with this, the residence time
the kidneys was taken as twice that of the left kidney, unless t
sum of both kidneys was less.

To get an impression of the sensitivity of the estimated org4
uptake to uncertainties in background correction and attenuatig
scatter correction, the analysis was varied in a few ways. First, {
effect of not applying background correction was investigate
Second, instead of Siegel's approath), we also estimated organ
uptake using the “counts-to-fraction-of-injected-dose conversi
factor” derived for the calculation of whole-body uptake. Third, i
the calculation of the residence time, the interpolating function w.
also varied between exponential and linear. The latter approac
equivalent to integration using the trapezoidal rule.

The quantifications described above were performed with o
own software developed on the Icon computer platform (Sieme
Gammasonics). User interaction was largely limited to regid
definition and proper positioning of copies of these regions in §
images.

Organ doses and effective dose were calculated using the M
DOSE 3.1 program (13), applying the dynamic bladder motig) (
with a voiding interval of 4 h and the individually measured
biologic half-life.

FIGURE 1. Anterior (A) and posterior (B) views from whole-
RESULTS body scan of volunteer at 5 h after intravenous injection of 440
MBq %mTc-i-AnxV.

The mean injected dose &c-i-AnxV was 551+ 90
MBq, and the percentage & Tc bound to annexin V was
82% + 12%. In Figure 2 the average uptake, including the SD, is
In the infarcted area in the heart there was uptake sfiown as a function of time for some source organs, includ-
activity (n = 6), but in the case of Crohn’s disease, ning the left kidney, liver, and spleen. The blood curve shown
localized uptake could be discernad <€ 1). From a dosi- is derived from totaP®™Tc activity in the blood samples.
metric point of view, however, the uptake $fTc-i-AnxV  Because the whole-body scans differed in acquisition time
in the heart was negligible. Because, in addition, only pand frequency, the measured data were interpolated on a
tients with normal kidney and liver function were selectefine-time grid. The interpolated curves were used in the
and no obvious differences in activity distribution werealculation of the average and the SD.
discernible, data from all persons were taken together in theThe following are some pharmacokinetic parameters of
dosimetric analysis. decay-correcte®™Tc in blood (n= 8) during the first 4 h
Figure 1 shows, as an example, anterior and poster{tihese kinetics of the activity could be described using a
views of the whole-body scan of the volunteer. Imageasvo-compartment model with a fast and a slow component):
showing uptake in regions with increased apoptosis haf@ componeni (fast), t- (minutes= SD) = 14 = 6, and
been published previously (11). In three patients, the nuifiaction of the injected doseHSD) = 0.52 = 0.13; for
ber of whole-body scans was four; in another three patient&mponentg (slow), t. (hours = SD) = 4.1 = 1.2 and
the number was three; and in two patients there were oriaction of the injected dose 0.48 = 0.13.
two scans. The last two patients were presented at the end ofable 1 presents the average uptake for all source
the day. organs at 4 h after intravenous injection. It is noted that
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FIGURE 2. Decay-corrected time-?*"Tc uptake curves for blood (A), liver (B), left kidney (C), and spleen (D) after intravenous

injection of 9mTc-i-AnxV. Curves with mean and mean = 1 SD are shown.

the uptake within the right kidney region, which includedbiologic half-life may be obtained fromTy

Tefrectivd)- 1N all organs uptake

some liver activity, was 11.5% 2.5%. Effective half- [Teseciive X Tonyd/[Tpnys —
lives have also been calculated in Table 1. From thegeadually diminishes over time, except in the kidneys and
figures it is evident that the biologic half-life is longintestines, where uptake increases, at least during the first
compared with the 6.02-h physical half-life ¥ Tc (the day. The residence time, the integral over time of the

TABLE 1
Dosimetric Data for Intravenously Administered ®*mTc-i-AnxV
(n=28)
Uptake at 4 h Effective Absorbed
after injection” half-lifet Residence time dose (uGy/
Organ (%ID) (h) (h) MBaq)
Kidneys 21.0 = 5.6% 6.3 *+04 1.75 *=0.40 93 +24
Liver 128 =22 55=*0.2 111 = 0.15 17 = 2
RM 42 *16 51=*04 0.34 = 0.1 55=* 0.8
Spleen 25 *1.3 52=*0.7 0.17 +0.08 22 +* 6
Testes (n = 6) 0.51 = 0.10 51=*05 0.042 = 0.009 15 = 3
Thyroid 0.21 = 0.11 46 =05 0.016 = 0.009 10 = 6
Urinary bladder$ 0.13 = 0.03 75+ 26
Remainder 40 =07
Total body 91.0 =6 55=*=0.2 75 =04

*Uptake values are corrected for physical decay.
TResults are from fit with single exponential.
*Computed as 2X left kidney uptake (10.5% = 2.8%).

SDynamic bladder model (76); voiding interval = 4 h; biologic half-life of activity in total body from individual measurements (average,

62 = 13 h); fraction of activity to urine = 0.75.
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fraction of the injected activity present in an organ, is The percentage ¢f™Tc bound to annexin V was 82%
also shown in Table 1. 12%. Assuming that the fre®™Tc is in the form of per

An estimate of the fractions of activity excreted in urinéechnetate, the effective dose caused by g¥fEc-i-AnxV
and feces was calculated from the following numbers. ktould be estimated. Given th&Tc-pertechnetate cause an
the first 20 h, the total fraction of activity excreted wagffective dose of 13:Sv/IMBq (19), correcting for a pres-
21.3% * 6.3%, which was taken a8 20n During this ence of 18% fre€®c yields an effective dose of 9.0
time interval, 6.6+ 2%ID appeared in the colon {fgn20n ©SV/MB(Q for 100%-labeled annexin V, compared with 9.7
From this, it was inferred that 24% 10% of the total wSv/MBq for the mixture. The effect on thyroid-absorbed
activity that leaves the body goes to the stool, and 76% dose would be somewhat larger—a decrease from 10 to 7.4
10% goes to the urine. nGy/MBaQ.

The residence time for the bladder is estimated accordingThe high uptake in the kidneys and the liver probably
to the dynamic bladder model ). In this model the bio- precludes the use 8fTc-i-AnxV for the study of apoptosis
logic half-life of the activity in the total body was taken asn these organs or in their immediate vicinity. Also, the slow
representative for the compartment feeding urine excretiatiearance from the blood is not optimal for imaging. It is
Patient-specific values were used; the average biologic haifteresting that the biodistribution in rats after injection of
life was 62+ 13 h, and the range was 41-79 h. The fractiof?™Tc-HYNIC-annexin V () is similar to that of**™Tc-i-
of activity excreted in the urine was taken as 0.75, anxV in humans with respect to relative uptake in the
derived above. kidneys and the liver. In both cases the kidneys show the

Some organ doses are given in the last column of Talilghest uptake, followed by the liver. The absolute uptake in
1. These data are part of the output of the MIRDOSE 3rats, however, was a factor of 1.5-2 higher, and blood
program, and they are given per injected megabecquerelctfarance in rats was reported to occur with a half-life6f
9nTc-i-AnxV. It was seen that the kidneys received th&in (1). In humans, blood clearance takes place with a fast
highest dose, followed at some distance by the spleen, liv€k4-min) and slow (4.1-h) component of approximately
and testes. The effective dose was found to be9.7.0 equal amplitudes. Both biodistribution and radiation dose
uSVIMBQ. depend on the properties of the protein as well as the

Performing the analysis with the counts-to-activity conprosthetic group, which is conjugated to annexin V to bind
version factor obtained from total-body activity and injected?™c. With other ligands, imaging properties might, in
dose gave similar results for the effective dose per uritinciple, still be improved.
injected activity; the estimate was lower by 9% 8%. In this study, estimation of RM-absorbed dose was based
When organ activity was assumed to change linearly ben the uptake in the iliac crests. If no background correction
tween measured points, as is implicitly done when using théas applied, a doubling of the estimated RM dose of 5.5-11
trapezoidal rule for integration, the effective dose wag nGy/MBqg was seen. This illustrates that the result was
higher than for the exponential interpolation. Not correctingpther sensitive to a correct implementation of background
for background had a more serious effect on estimatédbtraction. The impact on the effective dose, however,
effective dose: an increase of about 36%, largely the reswieuld be small, because the contribution of RM was limited
of an apparent increase in testes dose. Also, the estimai@d-7%. Note that activity in the RM was cleared more

RM dose and the thyroid dose increased by a factor®f Slowly than that in blood; the biologic half-life for RM was
~33 h, and that for the slowly cleared component in blood

was 4.1+ 1.2 h. This indicated some binding of activity in
DISCUSSION the RM. Nevertheless, it was interesting to estimate RM

Scintigraphy directed at identifying an area of increasatbse (BQy) from blood and body activity neglecting this
apoptosis caused an effective dose of 5.8.6 mSv when binding, because this will give a lower limit of the dose and
®nTc-i-AnxV was used in a typical dose of 600 MBq. Theamay serve as a check. Using the method for no RM binding
absorbed dose in the kidneys was 56 mGy and in the oth@oposed by Shen et al. (20), one has the following rela-
organs was<15 mGy. The effective dose per unit of adtionship:
ministered activity, 9. uSv/MBg, was in the mid range of _
values for the more commdii"™Tc compounds (19). From Dew = Actecuon X betecrad RM = RM) X
a dosimetric point of view, this makeé&8™Tc-i-AnxV well {RMBLR X Cpooq — Arg/mrgt + Agg X
suited for the study of apoptosis in patients.

Uptake in the infarcted area of the heart was very limited, Srerma RM < TB) X 69.88/m,
and no uptake was visible in the colon affected by CrohnighereAqecron = the total mean energy emitted per nuclear
disease. No clear differences in activity distribution in thdecay for electron radiationpgecrof RM <— RM) = the
various patients and volunteers were observed. Becausesorbed fraction in RM of electrons emitted in the RM
moreover, all patients had normal kidney and liver funatself, RMBLR = the RM-to-blood activity concentration
tions, we felt justified in analyzing the data of all persons astio, Cy,,q = the cumulated radioactivity concentration
a single representative set. in blood, Ay = the cumulated radioactivity in total body,
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Set malRM < TB) = the Svalue for source total-body and CONCLUSION

target RM, 69.88= the mass of the reference man in The apoptosis marke?9m'|'c_i_Aan Strong|y accumt
kilograms, andmrg = the mass of the patient under eon|ates in the kidneys and to a lesser degree in the liver. It has
sideration. From our measurements we found @abs = along biologic half-life of 62+ 13 h for activity in the total
9.72X 10" Bq - s/kg andArg = 1.51X 1013 Bq - s. Taking body. The effective dose is 9.7 1.0 uSv/MBq, corre-
mrg as the mass of reference maRIMBLR = 0.36 (20), sponding to a total effective dose of 528 0.6 mSv for a
belecrod RM <— RM) = 1 for the low-energy electrons of nominally injected activity of 600 MBg.
9OMTe, Agectron = 2.77 X 10715 Gy - kg/(Bqg - s) (21), and
Sef malRMTB) = 1.43 X 10716 Gy/(Bq - s) (13), one finds ACKNOWLEDGMENTS
thatDgy = 2.5 mGy. This value is slightly lower than the The authors thank Marie These Pakbiers for help in data
3 mGy found from the activity in the iliac crests. Such acquisition and analysis and Sylvia Esten for help in data
result would be expected, because the method of Shen etahuisition.
neglects activity bound in the RM.
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